Introduction
============

Bariatric surgery induces profound and durable reduction of obesity and related metabolic conditions, such as type 2 diabetes mellitus (T2DM), even before significant weight loss [@B1]. As a bariatric surgery procedure, ileal transposition (IT) could also effectively improve T2DM with normal fasting blood glucose, insulin, and glycosylated hemoglobin level [@B2]-[@B3]. Common explanations for this response are based on the Hindgut Hypotheses [@B4]. Gastrointestinal changes by the IT make early nutrient contact with the terminal ileum. Accelerated delivery of unabsorbed nutrients lead to increasing stimulation of L-cells and secretion of glucagon-like peptide 1 (GLP-1).

Exaggerated GLP-1 secretion was speculated to be one of the most important factors for diabetes remission after bariatric surgery. It could stimulate insulin secretion, reduce food intake and improve insulin sensitivities in various aspects [@B5]. The 2016 ADA treatment guidelines even recommend GLP-1 receptor agonists in the treatment of poorly controlled T2DM [@B6]. Our previous study found that the level of GLP-1 in the cerebrospinal fluid (CSF) was significantly elevated after IT, and the pro-opiomelanocortin (POMC) neurons in arcuate nucleus were activated [@B7]. The POMC neuron is a specific population of arcuate nucleus neurons in the hypothalamus [@B8]. Theses neurons, known as "first order" neurons, project to several structures in the central nervous system, independently modulate autonomic nervous system output, affect different peripheral organs, and control energy balance [@B9].

Is the high level of central GLP-1 involved in the remission of T2DM after IT? Were those POMC neurons activated by the central GLP-1? There is no direct evidence from animal or human studies in the available literature. Our previous data did not prove the causation either. An understanding of the physiological mechanisms of the metabolic improvement is important for developing effective surgical techniques with fewer complications and anti-diabetic drugs without surgical risks. Therefore, the main aim of our study was to examine the effect of central GLP-1 and investigate the mechanism of remission of T2DM after IT.

Materials and methods
=====================

Animals
-------

The experiments were carried out on ninety male Goto-Kakizaki (GK) T2DM rats (National Rodent Laboratory Animal Resources, Shanghai, China). GK rats are non-obese diabetic model that could reduce the impact of body weight change. And male rat model is easily to perform abdominal surgery. The GK rats were 10 weeks old with an initial body weight of 265-287 g. All rats were kept in individual cages under standard conditions (constant ambient temperature at 22 °C and humidity at 60% on a 12-hour light/dark cycle). They were fed with 5% fat rat chow diet and water ad libitum before the operation was performed. After 1-week acclimation, the rats were randomly assigned to three groups, each with thirty rats: the IT group, the sham IT (S-IT) group and the control group.

Surgical procedures
-------------------

Under anaesthetization with 10% chloral hydrate solution, a stainless steel cannula was implanted into the lateral brain ventricle of all rats as described [@B10]. After 1-week of recovery, ileal transposition was performed in the IT group rat group [@B11]. A 10 cm ileal segment 5 cm proximal to the ileocecal valve was transected, transposed and anastomosed isoperistaltically with the jejunum 5 cm distal to the ligament of Treitz. The S-IT group rats received the sham surgery, which involved the same incision, transection and re-anastomosis of the gastrointestinal tract at multiple sites corresponding to the IT, except without ileum transposition. The control group rats did not received IT or sham surgery.

Food intake and bodyweight
--------------------------

The IT group rats were given non-residue diet (Ensure, Abbott, USA) for 2 days and fasting overnight pre-operatively (10 hours). Two hours after surgery, all rats had free access to water. Twenty-four hours after surgery, the non-residue diet was continued for 3 days, after which their normal diet (5% fat rat chow diet) was not restricted. The S-IT group and the control group rats received the same amount of food ingested by the IT group rats. The aim of pair-fed was to control the body weight of the S-IT and control group, and reduce the potential impact to the glucose metabolism. The maximum 24-hour food intake was measured in three groups without food restriction after overnight fasting (10 hours). It is calculated by subtracting the weight of residue food from the weight of supply.

Biochemical tests
-----------------

Blood glucose was measured using a glucometer (Roche One Touch^®^ Ultra, Lifescan, Johnson & Johnson, Milpitas, USA) every week. Blood sample were collected from tail vein into chilled tubes containing a dipeptidyl peptidase IV inhibitor in EDTA solution postoperatively at the 2^nd^, 6^th^ and 8^th^ week. After centrifugation (1,000 × *g*) at 4 °C for 15 minutes, plasma was immediately extracted and stored at -80 °C. The CSF (10-20 μl per rat) was collected from the lateral brain ventricle cannula and also stored at -80 °C. The postprandial GLP-1 in the plasma and CSF were collected at the first hour after non-restricted feeding, and were measured using an enzyme-linked immunosorbent assay (Uscn Life Science Inc., Wuhan, China).

Oral glucose tolerance test
---------------------------

Oral glucose tolerance test (OGTTs) were performed postoperatively at the 2^nd^, 6^th^, and 8^th^ week [@B12]. The rats were fasting for 12 hours, a bolus of glucose (2 g/kg glucose) was given orally. Blood glucose was measured at the 15^th^, 30^th^, 60^th^, and 120^th^ minute.

Intraperitoneal insulin tolerance test
--------------------------------------

Intraperitoneal insulin tolerance tests (ITTs) were also performed postoperatively at the 2^nd^, 6^th^, and 8^th^ week [@B12]. After fasting for 12 hours, 1 IU/kg insulin was intraperitoneally injected into each rat. Blood glucose was measured at the 30^th^, 60^th^, 90^th^, and 120^th^ minute.

Central GLP-1 receptor blockade
-------------------------------

At the 8^th^ week post-operation, all rats were fasting overnight. Each rat received an intracerebroventricular injection of 10 μl exendin (9-39) (GLP-1 antagonist, Tocris, Bristol, UK) via 33-gauge injector and micro-syringe [@B13]. Subsequently, the OGTT was performed, and the 24-hour food intake was weighed. Four days later, all rats were fasting overnight and central GLP-1 receptors were again blocked, then the ITT was performed as previously described.

Biochemical tests
-----------------

To verified the blockade effect of 10 μl exendin (9-39), the IT group rats were assigned into two subgroups randomly at the 9^th^ week post-operation. A half of the IT group rats (IT-b rats) underwent an intracerebroventricular injection of 10 μl exendin (9-39), while the other rats in the IT group had no injection. In the same way, a half of the S-IT group rats (S-IT-b rats) and half of the control group rats (control-b rats) accepted the intracerebroventricular injection of 10 μl exendin (9-39). Subsequently, the cerebrospinal fluid, hypothalamus and pituitary tissues of all rats were collected in an anesthetized condition (a peritoneal injection of 10% chloral hydrate solution) [@B14]-[@B15]. The hypothalamic tissue specimens were fixed and stained by immunohistochemistry using rabbit anti-POMC precursor antibody (Abcam, Cambridge, UK) [@B16]. The number of POMC neurons was determined at 100× magnification [@B17]. The pituitary tissues were weighed and homogenized for extraction of POMC derivative. The amount of POMC derivative was analyzed by Western blot assay with an anti-adrenocorticotropic hormone antibody (Abcam, Cambridge, UK) [@B18]. The relative concentration of protein was quantified by densitometry using a Versa Doc 1000 Imaging System and Quantity One 4.4 software (Bio-Rad, Hercules, USA). All experiments were approved by the ethics committee of our hospital.

Statistical analysis
--------------------

Data were reported as the mean ± standard deviation. The statistic difference among three groups was analyzed using ANOVA, and the difference between two groups or two time-points was using Student\'s *t*-test (SPSS 19, SPSS, Inc, Chicago). A *P* value less than 0.05 was considered statistically significant. The area under the curve (AUC) for OGTT (AUC~OGTT~) and ITT (AUC~ITT~) were calculated by trapezoidal integration.

Results
=======

Animal model
------------

There were no significant differences in the food intake (*P*= 0.16), body weight (*P*= 0.25) or fasting blood glucose (*P*= 0.09) among the groups before surgery. The average of maximum food intake was 17.3 ± 1.5 g, the body weight was 278.6 ± 3.0 g, and the fasting blood glucose was 12.1 ± 1.8 mmol/l. All operations were successfully performed (figure [1](#F1){ref-type="fig"}a). After surgery, two IT rats died due to intestinal obstruction on the 6^th^ and 14^th^ day after surgery, respectively. One rat in the S-IT group died from intraperitoneal infection 4 weeks after surgery. No other severe complication of surgery was observed.

Food intake and weight
----------------------

The S-IT and the control group were pair-fed groups of the IT group, thus there was no statistic difference among three groups. When the food supply was not restricted, the maximum 24-hour food intake of the IT group was much less than that of the S-IT group or the control group. At the postoperative 8^th^ week, the maximum food intake of the IT group rats was 16.0 ± 1.7 g and was significantly less than that of the S-IT group (23.7 ± 2.0 g, *P*\< 0.001) or that of the control group (24.0 ± 1.8 g, *P*\< 0.001).

GK rats are non-obese diabetic model, they did not gain much weight during the 9-week experiment period. At the postoperative 8^th^ week, the weight of the IT group rats was 281.1 ± 13.0 g (*P*= 0.09). Besides, there was no statistical difference among three groups. The S-IT group was 285.6 ± 9.3 g, and the control group was 285.8 ± 4.9 g, *P*= 0.14).

Glucose improvement
-------------------

The rats of the IT group showed amelioration of T2DM after IT surgery. The fasting blood glucose decreased from 12.1 ± 1.9 mmol/l to 6.1 ± 0.5 mmol/l (8 weeks after surgery, *P*\< 0.001), the AUC~OGTT~value decreased from 1949.4 ± 179.0 (mmol/l) min to 999.1 ± 52.6 (mmol/l)min (*P*\< 0.001), and the AUC~ITT~ value also decreased from 1236.6 ± 150.2 (mmol/l)min to 615.0 ± 43.3 (mmol/l)min (*P*\< 0.001). The curve of the fasting blood glucose, AUC~OGTT~ and AUC~ITT~are shown in figure [1](#F1){ref-type="fig"}.

There was no notable improvement of T2DM in the S-IT group or the control group rats. The fasting blood glucose, AUC~OGTT~ and AUC~ITT~ increased instead during the postoperative period. Consequently, the fasting blood glucose of the IT group rats (6.1 ± 0.5 mmol/l) was remarkably lower than that of the S-IT group (14.6 ± 1.1 mmol/l, *P*\< 0.001) or the control group (14.5 ± 0.9 mmol/l, *P*\< 0.001) at the 8^th^ week post-surgery. The AUC~OGTT~value (999.1 ± 52.6 (mmol/l)min) was also lower than that of the S-IT group rats (2115.1 ± 114.1 (mmol/l)min, *P* \< 0.001) and the control group (2167.9 ± 159.3 (mmol/l)min, *P*\< 0.001). In addition, the AUC~ITT~ value (615.0 ± 43.3 (mmol/l)min) was lower than that of the S-IT group rats (1502.1 ± 115.0 (mmol/l)min, *P*\< 0.001) or the control group (1528.6 ± 82.8 (mmol/l)min, *P*\< 0.001).

GLP-1 level
-----------

Higher postprandial GLP-1 levels were detected in plasma and CSF of the IT group rats. There were no significant differences in the GLP-1 level among the three groups before surgery. After surgery, the GLP-1 level in the IT group increase significantly, while the GLP-1 level in the S-IT group and the control group had no statistical change. At the 8^th^ week post-surgery, the level of plasma GLP-1 was 70.9 ± 10.3 pmol/l in the IT group and was significantly higher than that of the S-IT group (16.6 ± 3.8 mmol/l, *P*\< 0.001) or the control group (19.2 ± 5.0 mmol/l, *P*\< 0.001, figure [2](#F2){ref-type="fig"}a). In addition, the level of GLP-1 in the CSF of the IT group was 32.4 ± 4.7 pmol/l and was significantly higher than that of the S-IT group (7.4 ± 1.9 mmol/l, *P*\< 0.001) or the control group (5.2 ± 1.8 mmol/l, *P*\< 0.001, figure [2](#F2){ref-type="fig"}b). A linear regression relationship was observed between the CSF GLP-1 level and the plasma GLP-1 level. The CSF GLP-1 level increase significantly in correlation with the plasma GLP-1 level (*P*\< 0.001). The Pearson Correlation coefficient was 0.982.

Central GLP-1 receptor blockade
-------------------------------

At the postoperative 8^th^ week, all rats received a dose of 10 μl GLP-1 receptor antagonist via lateral brain ventricle cannula. Blockade of the central GLP-1 receptors worsen the improvement of type 2 diabetes mellitus in the IT group. The glucose level surged (169.9 ± 14.2) % during the oral glucose tolerance test, the range was larger than that before central blockade ((67.1 ± 14.2) %, *P*\< 0.001). And blockade of central GLP-1 receptors did not affect the increase range during OGTT significantly in the other two groups (figure [2](#F2){ref-type="fig"}c).

However, the relapse of the glucose deterioration in the IT group was partial. The glucose level of the IT group remained lower than that of the S-IT group or the control group. The peak glucose level of the IT group in the OGTT was 17.5 ± 2.0 mmol/l after central blockade, still less than that of the S-IT group (21.1 ± 1.3 mmol/l, *P*\< 0.001).

Blockade of the central GLP-1 receptors worsen the insulin sensitivity of the IT group. When the ITT was performed in the IT group, the glucose level decreased (43.8 ± 6.5) % before blockade, and decreased (30.1 ± 12.3) % after blockade (*P*\< 0.001). The S-IT group and control group had a similar alter range of blood glucose after blockade (figure [2](#F2){ref-type="fig"}d).

The maximum 24-hour food intake increased significantly after central blockade. It rose from 15.4 ± 1.1 g to 19.8 ± 1.8 g (*P*\< 0.001), although it was still less than that of the S-IT group (23.5 ± 2.6 g, *P*\< 0.001) or the control group (24.1 ± 1.3 g, *P*\< 0.001). And the blockade did not affect the maximum food intake of the S-IT and control group. It was 21.8 ± 3.2 g in the S-IT group before blockade, and 24.8 ± 3.3 g in the control group.

Hypothalamic immunohistochemistry
---------------------------------

To verified the blockade effect of 10 μl exendin (9-39), the IT group rats were assigned into two subgroups randomly. The IT-b rats were given a GLP-1 antagonist before euthanasia, while the other rats in the IT group had no antagonist. The activated POMC neurons in the arcuate nucleus of hypothalamus were stained subsequently (figure [3](#F3){ref-type="fig"}a). The activated POMC neuron number of the IT-b rats was lower than that of the IT rats (non-blockade rats), although the GLP-1 level in the CSF did not fluctuate significantly. The mean neuron number at 100× magnification was 12.7 ± 6.1 in the IT-b rats, and 64.8 ± 11.3 in the non-blockade IT rats (*P*\< 0.001). Meanwhile, the S-IT-b rats and the control-b also accepted a GLP-1 antagonist before sacrifice. The mean neuron number was 9.6 ± 4.7 in the S-IT-b rats, 22.7 ± 8.4 in the S-IT rats, 10.2 ± 6.6 in the control-b rats, and 18.4 ± 9.8 in the control rats. The number of POMC neuron of IT group was more than that of the S-IT group (*P*\< 0.001).

The amount of POMC derivative in the pituitary
----------------------------------------------

The amount of POMC-derived peptides in the pituitary tissue was quantified by Western blot (figure [3](#F3){ref-type="fig"}b). The relative content level of POMC-derived peptides of the IT-b rats (0.1 ± 0.05) was significantly lower than that of the non-blockade IT rats (1.5 ± 0.6, *P*\< 0.001). Meanwhile, the POMC of the S-IT-b rats (0.08 ± 0.04) was less than that of the S-IT rats (0.8 ± 0.4), and POMC of the control-b (0.07 ± 0.04) rats was less than that of the control rats (0.4 ± 0.3). The POMC of the IT group was more than that of the S-IT group (*P*\< 0.001).

Discussion
==========

Many animal and clinical studies have confirmed the fact that ileal transposition improves T2DM [@B2], [@B5], [@B13]. The results of our study are consistent with previous reports. After IT, fasting blood glucose decreased, the glucose tolerance and the insulin tolerance improved significantly. The mechanism of glucose improvement is complex and multifactorial. The generally accepted mechanism of IT is hypothesized to result from the enhanced secretion of GLP-1 from the terminal ileum stimulated by early arrival of food. The higher level of GLP-1 in the plasma was surely found in our study.

What is noteworthy is that the higher level of GLP-1 in the CSF was found in the IT group rats. A linear regression relationship between the CSF GLP-1 level and the plasma GLP-1 level was observed. Besides, the POMC neurons and the POMC-derived peptides were more than that of the S-IT group rats. Considering that the GLP-1 receptor exists on the surface of hypothalamic POMC neurons, the central GLP-1 may affect the activities of hypothalamic POMC neurons [@B19]. We blocked the GLP-1 receptor of the IT rat group using central injection of exendin (9-39). The number of activated POMC neurons in the arcuate nucleus of the blockade rats less than that of the rats without blockade. In addition, the amount of the POMC derivative in the pituitary was less. It is reasonable to believe that the active POMC neurons were activated by central GLP-1.

The activated POMC neurons play an important role in the remission of diabetes after IT. The activated POMC neurons could decrease food intake and increase energy expenditure [@B9]. Ileal transposition has no resection or bypass of any small bowel or stomach. Additionally, there is no gastric restriction. However, ileal transposition decreased maximum food intake significantly compared to the S-IT or the control groups. The energy expenditure affected by POMC neurons included various aspects: adaptive thermogenesis, physical activity and basal metabolic rate [@B20]. POMC neurons provide dense synaptic inputs to pre-autonomic structures (such as paraventricular nucleus) and direct peripheral tissue activity (figure [4](#F4){ref-type="fig"}).

Ileal transposition offers a vivid example of how T2DM is improved immediately after surgery. As an obesity-related metabolic complication, T2DM involves the inappropriate conversion, storage and utilization of nutrients [@B9]. Re-homeostasis of energy by activated "energy neurons" may lead to the improvement of the glucose level of the IT rat group before the loss of body weight.

Therefore, blocking central GLP-1 receptors deteriorated these important improvements in the IT rats. Although the GLP-1 level in the CSF of the IT rat group did not fluctuate significantly, the level of glucose in the IT rat group increased significantly in OGTT, and the range was greater than it was before blockade was introduced. However, the relapse of the glucose deterioration was partial. This indicates that there are many other factors that ameliorate diabetes involved in the phenomenon. Nutrient malabsorption, gut hormone changes, peripheral insulin sensitivity improvement and changes in the gastrointestinal bacteria community have been proposed as possible contributors to the amelioration of T2DM after surgery (figure [4](#F4){ref-type="fig"}) [@B2]-[@B3], [@B21].

The arcuate nucleus of the hypothalamus contains several neuronal populations that are exquisitely integrated into the circulating signals of energy balance. In addition to the POMC neurons, the neuropeptide Y and the Agouti-related protein (NPY/AgRP) neurons are also involve in the autonomic nervous system mediated coordination of energy partitioning and peripheral organ activity. Our study is limited because we performed minimal investigations of other neurons. Despite the need for further studies, our results may provide new insight into the elucidation of the metabolic mechanisms of diabetes resolution after IT, which may have the potential to cure type 2 diabetes.

Conclusion
==========

Ileal transposition improves glucose homeostasis in GK diabetes rat. The central GLP-1 might play an important role in the remission of diabetes after IT. In addition, POMC neurons in the hypothalamus may be activated by enhanced level of GLP-1 after IT.
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![**characteristics of the ileal transposition rat models.**a, a non-obese GK rat model received lateral ventricle catheter and ileal transposition. b, the fasting glucose curve of three groups. The IT rats showed lower fasting glucose levels than the other two groups after surgery. c. the AUC~OGTT~ during the postoperative period. d. the AUC~ITT~ during the postoperative period. The rats of the IT group showed amelioration of diabetes after surgery. The blood glucose level, AUC~OGTT~ and AUC~ITT~ were less than that of the S-IT group. The asterisk means significantly different compared to the S-IT group (*P*\< 0.05); AUC, areas under curve; GK rats, Goto-Kakizaki type 2 diabetic rats; IT, ileal transposition; ITT, insulin tolerance test; S-IT, sham ileal transposition. OGTT, oral glucose tolerance test.](ijmsv13p0955g001){#F1}

![**the effect of GLP-1 on the improvement of blood glucose in the IT group.**a. the plasma GLP-1 level of three groups. b. the GLP-1 level in the CSF of three groups. The GLP-1 level of the IT rat group was higher than that of the S-IT group after surgery. c. the blood glucose level of OGTT before central GLP-1 receptor blockade at 6^th^ week post-operation (black lines) and after blockade at the 8^th^ week post-operation (blue lines). Blockade of central GLP-1 receptors reduced the improvement of diabetes in the IT group. d. the blood glucose level of ITT before and after central GLP-1 receptor blockade. The sensitivity of insulin did not deteriorate more than other two groups. The asterisk means significantly different compared to the S-IT group (*P*\< 0.05); CSF, cerebrospinal fluid; control-b, control group rats accepted central GLP-1 receptor blockade; GLP-1, glucagon-like peptide 1; IT, ileal transposition; IT-b, ileal transposition rats accepted central GLP-1 receptor blockade; ITT, insulin tolerance test; OGTT, oral glucose tolerance test; S-IT, sham ileal transposition; S-IT-b, sham ileal transposition rats accepted central GLP-1 receptor blockade.](ijmsv13p0955g002){#F2}

![**the blockade effect of exendin(9-39) in the IT group.**a. the POMC neurons in the hypothalamic tissue at 100× magnification. The arrow indicates a POMC neuron stained by the immunohistochemistry stain. b, the amount of POMC derivative in the pituitary quantified by Western blot. Some IT rats (IT-b rats), S-IT rats (S-IT-b rats) and control rats (control-b rats) were given GLP-1 antagonist before sacrifice. The relative content level of POMC-derived peptides of the IT-b rats was significantly lower than that of the IT rats. The asterisk means significantly different compared to the S-IT group (*P*\< 0.05); control-b, control group rats accepted GLP-1 receptor blockade; GLP-1, glucagon-like peptide 1; IT, ileal transposition; IT-b, ileal transposition rats accepted GLP-1 receptor blockade; POMC, pro-opiomelanocortin; S-IT, sham ileal transposition; S-IT-b, sham ileal transposition accepted GLP-1 receptor blockade.](ijmsv13p0955g003){#F3}

![**the possible mechanisms contributing to improved glucose metabolism after ileal transposition.**The neurons in the hypothalamus could sense peripheral tissue activity, independently modulate autonomic nervous system output, affect different peripheral organs, and control energy balance. Nutrient malabsorption, gut hormone changes, peripheral insulin sensitivity improvement and changes in the gastrointestinal bacteria community are also the possible contributors to the amelioration of T2DM after surgery.](ijmsv13p0955g004){#F4}
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